A neuron's longevity is regulated by both extracellular molecular factors and the regulation of its 21 intracellular functions, including mitochondrial activity. It remains poorly understood which 22 extracellular factors promote neuron survival by influencing mitochondrial function. Through 23 zebrafish mutant analysis, we reveal a novel extracellular neuronal survival factor: Pregnancy-24 associated plasma protein-aa (Pappaa). Neurons in pappaa mutant larvae die precociously and exhibit 25 multiple mitochondrial defects, including elevated mitochondrial calcium, membrane potential, and 26 reactive oxygen species production (ROS). In pappaa mutants, neuron loss is exacerbated by 27 stimulation of mitochondrial calcium load or ROS production and suppressed by exposure to a 28 mitochondrial ROS scavenger. As a secreted metalloprotease, Pappaa stimulates local insulin-like 29 growth factor 1 (IGF1) signaling; a known regulator of mitochondrial function and neuron survival. In 30 pappaa mutants, neurons show reduced IGF1-receptor activity and neuron loss is attenuated by 31 stimulation of IGF1 signaling. These results suggest Pappaa-IGF1 signaling promotes neuron survival 32 by regulating mitochondrial function.
Introduction
(MET) channels found on the tips of stereocilia (Alharazneh et al., 2011) . We hypothesized that 153 pappaa p170 hair cells may be more susceptible to neomycin-induced death due to an increase in MET 154 channel-mediated entry. To assess entry via MET channels we compared uptake of FM1-43, a 155 fluorescent styryl dye that enters cells through MET channels (Meyers et al., 2003) . fluorescence was equivalent between wild type and pappaa p170 hair cells (Fig 4a-b) , suggesting that the transmembrane potential compared to wild type. Using the potentiometric probe TMRE that provides a 201 fluorescent readout of mitochondrial transmembrane potential (Perry et al., 2011) , we found that 202 pappaa p170 mitochondria possess a more negative transmembrane potential compared to wild type ( Fig   203   5c-d) . This result is consistent with the pappaa p170 mitochondria's increased Ca 2+ load. Given that 204 mitochondria of pappaa p170 hair cells exhibit elevated Ca 2+ (Fig 5a-b) and a more negative 205 transmembrane potential (Fig 5c-d) at baseline, we hypothesized that pharmacologically disrupting 206 these mitochondrial features would have a more cytotoxic effect on pappaa p170 hair cells. To test this 207 idea, we exposed wild type and pappaa p170 larvae to Cyclosporin A (CsA), an inhibitor of the 208 mitochondrial permeability transition pore that causes buildup of mitochondrial Ca 2+ and further 209 hyperpolarizes mitochondria (Crompton et al., 1988; Esterberg et al., 2014) . pappaa p170 larvae showed 210 reduced hair cell survival at concentrations of CsA, which had no effect on hair cell survival in wild 211 type larvae (Fig 5e) . Taken together, these results suggest that Pappaa regulates mitochondrial ROS 212 production by attenuating mitochondrial Ca 2+ uptake.
214
Pappaa deficient motor neurons show degeneration and oxidative stress 215 We were curious to know whether Pappaa promotes the survival of other neuron types by 216 attenuating oxidative stress. To address this, we evaluated the number of spinal motor neurons in wild 217 type and pappaa p170 larvae at 5 and 9 dpf. Using the Tg(mnx1:GFP) line to count motor neurons, we 218 observed a reduced number of motor neurons and thinning of the ventral projecting motor nerve in 9 219 dpf pappaa p170 larvae (Fig 6a-c) . To determine whether pappaa p170 motor neurons also exhibit 220 oxidative stress we analyzed antioxidant gene expression in motor neurons by RT-qPCR. An increase 221 in antioxidant gene expression is an adaptive response to elevated ROS (Gorrini et al., 2013; Syu et al., 222 ( Fig 6d) . Taken together, these results reveal that Pappaa's influence on oxidative stress and survival 225 affects multiple neuron types. (Figs 4g and 5e ). Pappaa's role in neuron survival is novel and therefore it is interesting to 243 consider whether Pappaa serves this role by promoting neuronal development, maintenance, and/or 244 regeneration. In the pappaa p170 mutants, both hair cells and motor neurons appeared to develop 245 normally, based on their numbers and cellular morphology in 5 dpf larvae. At 5 dpf, larvae require 246 these neurons for various behaviors, including eliciting an acoustic startle response (Bang et al., 2002;  previously shown that at 5 dpf the mutants have the ability to detect acoustic stimuli and perform 249 explosive escape maneuvers (Wolman et al., 2015) . This ability further suggests that pappaa p170 mutant 250 hair cells and motor neurons were functionally intact prior to the onset of their loss, and therefore 251 developed normally. In zebrafish, both hair cells and spinal motor neurons are capable of regeneration 252 (Thomas et al., 2015; Ohnmacht et al., 2016) . Therefore, albeit unprecedented, it is possible that these 253 neurons naturally die at the rate we observed in pappaa p170 mutants, but then require Pappaa to 254 regenerate. This possibility is unlikely given our observation that hair cells in pappaa p170 mutants 255 showed a normal regenerative capacity after neomycin-induced loss (S2 Fig) . Taken together, these 256 results suggest that Pappaa is dispensable for the development and regeneration of hair cells and spinal 257 motor neurons, and rather, supports their maintenance.
258
Increased IGF1 signaling has been shown to provide neuroprotection (Zheng et al., 2000) . For 259 example, exogenously supplied IGF1 was recently demonstrated to protect hair cells from neomycin-260 induced damage (Hayashi et al., 2013) . However, it is poorly understood how endogenous IGF1 261 signaling is regulated to promote neuron survival, particularly through extracellular factors. Pappaa is a 262 secreted metalloprotease that cleaves the inhibitory IGF binding proteins, thereby freeing IGF-1 to 263 bind and activate cell-surface IGF1 receptors. Thus, Pappaa acts as an extracellular positive regulator 264 of IGF-1 signaling (Boldt and Conover, 2007) . Consistent with this role for Pappaa, immunolabeling 265 of activated, phosphorylated IGF1Rs was reduced on hair cells of 5 dpf pappaa p170 mutants (Fig 3a-c) .
266
Stimulation of IGF1R signaling, either by supplementation of IGF1 or by stimulation of the IGF1R 267 effector Akt, suppressed hair cell loss in pappaa p170 mutants (Fig 3e-f) . Notably, stimulation of IGF1R 268 signaling after the hair cells had developed was sufficient to suppress this loss, which is consistent with The mitochondria in pappaa p170 mutant hair cells showed multiple signs of dysfunction, including 285 elevated ROS (Fig 4c-f) , transmembrane potential (Fig 5c-d) , and Ca 2+ load (Fig 5a-b) . Consistent with 286 these observations, reduced IGF1 signaling has been associated with increased ROS production and 287 oxidative stress (García-Fernández et al., 2008; Lyons et al., 2017) . Two lines of evidence suggest that 288 mitochondrial dysfunction, and particularly the elevated ROS production, underlie neuron loss in 289 pappaa p170 mutants. First, pappaa p170 hair cells showed enhanced sensitivity to pharmacological 290 stimulators of mitochondrial ROS production (Figs 4g and 5e ). Second, attenuation of mitochondrial 291 ROS by mitoTEMPO exposure, a mitochondrial targeted antioxidant, was sufficient to suppress 292 neomycin-induced hair cell loss in pappaa p170 mutants (Fig 4h) .
293
Based on results presented here, it is difficult to pinpoint the exact locus of mitochondrial 294 dysfunction in pappaa p170 neurons due to the tight interplay between mitochondrial transmembrane 295 potential, Ca 2+ load, and ROS production (Brookes et al., 2004; Adam-Vizi and Starkov, 2010; Ivannikov and Macleod, 2013; Esterberg et al., 2014; Gorlach et al., 2015) . The oxidative SC79 at 1-3 µM (Tocris Bioscience, dissolved in DMSO), or recombinant IGF1 at 1-30 ng/mL (Cell 368 Sciences; dissolved in 10 µM HCl) for 24 hours prior (beginning at 4 dpf) and then exposed to 1-10 369 µM neomycin for 1 hour on 5 dpf. Following each treatment period, larvae were washed 3 times with 370 E3 and left to recover in E3 for 4 hours at 28°C before fixation with 4% paraformaldehyde (diluted to 371 4% w/v in PBS from 16% w/v in 0.1M phosphate buffer, pH 7.4). For mitoTEMPO, NVP-AEW541, 372 SC79, and IGF1 treatment, the compounds were re-added to the E3 media for the 4-hour recovery 373 period post neomycin washout. Vehicle-treated controls were exposed to either 0.9% sodium chloride 374 in E3 (neomycin control), E3 only (IGF1 control), or 1% DMSO in E3 for the remaining compounds. 
